OBJECTIVE -To investigate prospectively whether intake of total or type of sugar is associated with the risk of developing type 2 diabetes. The contribution of sugar intake to the pathogenesis of type 2 diabetes has not been settled in the context of primary prevention because of limited prospective data.
P
revailing beliefs over the past 20 years regarding sugars and diabetes admonished that added sugar, primarily sucrose, should be avoided and that naturally occurring sugars should be restricted in the diabetic diet (1, 2) . Support for these beliefs was based largely on results from animal and human studies suggesting that simple sugars would confer a higher postprandial glycemia than starch (3) . Consequently, diets for diabetic patients have been sugar restricted for fear of stimulating hyperglycemia (1), exaggerating insulin response to carbohydrates (4, 5) , and causing possible cardiomyocyte dysfunction (6) and/or accelerated loss of ␤-cells (7).
However, several metabolic studies have reported that inclusion of a moderate amount of dietary sucrose within a balanced diabetic diet did not elicit subsequent deleterious effects on glycemic control (2,8 -12) . Different types of sugars may have variable metabolic effects on glycemia or lipemia (13) (14) (15) . After fructose ingestion, several researchers observed blood glucose levels that were reduced compared with levels after starch or sucrose ingestion in diabetic patients (10, (15) (16) (17) (18) . Additionally, studies conducted in healthy subjects noted that different amounts of fructose intake did not change HbA 1c levels (19) , yet they significantly elevated plasma triglycerides (20) .
The risks and benefits of sugar ingestion in metabolic studies of diabetes have been controversial, and the data on primary prevention, namely, on long-term effects of sugar intake on risk of type 2 diabetes in healthy individuals, are sparse. The need for scientific bases on primary prevention have been addressed by several researchers (2, 21) . The Women's Health Study (WHS) prospective cohort offered an opportunity to investigate the relation of sugar consumption and subsequent development of type 2 diabetes in a group of initially healthy women with homogeneous demography.
RESEARCH DESIGN AND METHODS

Ethical and human research considerations
The study protocol was approved by the Brigham and Women's Hospital institutional review board, and the protocol adhered to the guidelines put forth in the Helsinki declaration and Belmont Accord for the duration of the study.
Participants
WHS is a randomized, double-blind, placebo-controlled trial designed to evaluate the balance of benefits and risks of lowdose aspirin and vitamin E in the primary prevention of cardiovascular disease and cancer (22) . A total of 39,876 female health professionals aged Ն45 years who were free of self-reported coronary heart disease, stroke, and cancer (other than nonmelanoma skin cancer) were randomized. Of these subjects, 39,345 (98%) provided detailed information about their diet, completing a 131-item semiquantitative food frequency questionnaire (SFFQ). We excluded those who left Ͼ70 spaces blank in their SFFQ or reported unreasonable energy intakes of Ͻ600 kcal (2,514 kJ) or Ͼ3,500 kcal (14,665 kJ), and we excluded prevalent diabetes cases at baseline. As a result, the final sample for analyses consisted of 38,480 women.
Assessment of sugar and other dietary intake
For each food, a commonly used unit or portion size (e.g., one slice of bread, half a cup of broccoli) was specified on the SFFQ, and each participant was asked how often she had consumed that amount, on average, during the previous year. Nine possible responses ranging from "never" to "six or more times a day" were recorded. Nutrient scores were computed by multiplying the frequency of consumption of each unit of food from the SFFQ by the nutrient content of the specified portion size according to foodcomposition tables from the U.S. Department of Agriculture (23), the Harvard Food Composition Database, and other sources. The validity and reproducibility of the SFFQ in a similar cohort of male health professionals were reported elsewhere (24) . The correlation coefficient for energy-adjusted carbohydrate intake between the SFFQ and diet record ranged from 0.59 to 0.73 in women (25) . An additional validity study conducted in the Nurses' Health Study reported that the correlation coefficient of the SFFQ with two 1-week diet records for various foods ranged from 0.56 (for noncarbonated fruit drinks) to 0.84 (for orange or grapefruit juice) (26) . The correlation coefficient of sucrose intake estimated by SFFQ with the average of four diet records ranged from 0.52 to 0.60 (25) . Intakes of sucrose, fructose, glucose, and lactose for each participant were calculated and categorized in quintiles.
Ascertainment of outcome
The status of type 2 diabetes was evaluated at baseline, and women with a history of diagnosed diabetes were excluded. Thereafter, all of the participants were asked annually whether and when they had been diagnosed with type 2 diabetes since completing the previous questionnaire. To confirm self-reported diagnoses, we mailed a supplemental questionnaire inquiring about the onset of disease, symptoms, diagnostic tests, and hypoglycemic treatment to all respondents reporting a diagnosis of type 2 diabetes. From the supplemental questionnaire, type 2 diabetes was confirmed according to the guidelines proposed by the American Diabetes Association (27) . If a participant was receiving treatment with hypoglycemic medications (insulin or oral hypoglycemic agents), a confirmed diagnosis was presumed.
We have conducted a validation study documenting the validity of our diagnostic algorithm for type 2 diabetes from the most recent cycle of datagathering (1999 -2000) in the WHS. The validity was excellent, with 97.5% (78 of 80) of self-reported cases confirmed by medical records. Because all of the participants in this cohort are Ͼ45 years of age, and the cases reported at baseline were excluded from the analysis, the selfreported incident cases thereafter were considered type 2 diabetes.
Ascertainment of confounding factors
Potential confounding factors for diabetes included age and BMI as continuous variables (kg/m 2 ), frequency of vigorous exercise in four levels (rarely/never, Ͻ1/ week, 1-3 times/week, and Ն4 times/ week), cigarette smoking status in three categories (current, past, and never), history of hypertension (yes/no), history of elevated cholesterol level (yes/no), alcohol consumption in four categories (rarely/never, 1-3 drinks/month, 1-6 drinks/ week, Ն1 drinks/day), and parental history of type 2 diabetes (yes/no). Women were considered to have a history of hypertension if they reported a previous diagnosis or blood pressure Ն140/90 mmHg. Women were classified as having an elevated cholesterol level if they reported this diagnosis or cholesterol levels Ն240 mg/dl.
Statistical analyses
Using SAS statistical software, we tested for normality and calculated the means and standard deviations of all continuous variables. If normality could not be assumed, data were transformed into categorical variables. Sugar intake was categorized by quintiles, and the incidence rates of type 2 diabetes were calculated in each quintile of sugar consumption by dividing the number of cases by the number of person-years. After testing the proportional hazards assumption, the RR of developing type 2 diabetes for each quintile of sugar intake, compared with the lowest quintile, was estimated via Cox proportional hazards modeling.
The initial models were adjusted for age and smoking, and the models were then adjusted for multiple covariates including age, smoking, BMI, vigorous exercise, alcohol use, history of hypertension, history of high cholesterol, postmenopausal hormone use, vitamin use, and family history of type 2 diabetes as defined above.
Because participants with a history of hypertension or with elevated cholesterol levels might have changed their dietary intake, we carried out similar analyses excluding these women with history at baseline. In addition, because the effect of sucrose on the risk of type 2 diabetes, if any, may be mediated via cumulative effects of overweight and obesity, we examined the sugar intake-diabetes relation stratified by BMI status (BMI Ͻ25 and Ն25 kg/m 2 based on World Health Organization criteria). We also performed additional analyses excluding cases of type 2 diabetes that occurred in the first 4 years of follow-up. Because individual sugars often coexist with other sugars in diets, we examined whether total sugars, including sucrose, fructose, glucose, and lactose, would confer stronger effects related to the risk of type 2 diabetes. We also examined the independent role of starch, excluding sugars, in the incidence of type 2 diabetes.
RESULTS -The distribution of baseline risk factors across the quintiles of sugar intake is presented in Table 1 . Most risk factors were distributed similarly across quintiles of sugar intake. At baseline in 1993, women who consumed more sugars were slightly older, smoked less, were thinner, and drank less, although these differences were not statistically significant. Low consumers of sugar in our cohort ingested slightly higher levels of total fat and cholesterol, both of which have been postulated to contribute to insulin resistance (28, 29) . High consumers of sugar in this cohort appeared to consume less protein and more carbohydrates, and exercised more.
A total of 918 incident cases of type 2 diabetes occurred during 222,521 person-years of follow-up. The RRs of type 2 diabetes with increasing quintiles compared with the lowest quintile of total sugar intake were 1.0, 0.94, 0.88, 0.92, and 0.86 (P value for linear trend ϭ 0.17), and with sucrose they were 1.0, 0.98, 1.00, and 0.84 (P for trend Ͻ0.16), adjusting for all pertinent confounding variables. In this cohort, as expected, sucrose comprised ϳ75% of total sugar intake, similar to what was reported in an Iowa women's study. A similar absence of significant trend was observed for fructose, glucose, and lactose. Several initial models adjusted for age and smoking indicated a strong inverse linear trend of association between sugar intake and the risk of type 2 diabetes (P ϭ 0.0007 for total sugar, 0.006 for sucrose, 0.002 for fructose, 0.04 for glucose, and 0.02 for lactose). When a full set of covariates were included in the model, none of the RRs was statistically significant. The multivariate-adjusted RRs for the highest category of sugar intake compared with the lowest were 0.86 (95% CI 0.69 -1.06) for total sugar, 0.84 (0.67-1.04) for sucrose, 0.96 (0.78 -1.19) for fructose, 1.04 (0.85-1.28) for glucose, and 0.99 (0.80 -1.22) for lactose ( Table 2) .
In a subcohort excluding subjects with hypertension or elevated cholesterol level at baseline (271 incident cases of type 2 diabetes and 131,025 person-years of follow-up), sucrose and lactose appeared to suggest an inverse association with type 2 diabetes in initial models, with RRs for increasing quintiles of intake at 1.0, 0.83, 0.84. 0.78, and 0.60 (P for trend ϭ 0.03) for sucrose and 1.0, 0.69, 1.03, 0.94, and 0.76 (P for trend Ͻ0.06) for lactose, but only sucrose intake remained inversely associated after full adjustment for other risk factors. Corresponding RRs for ascending quintiles of sucrose in the multivariate model were 1.0, 0.84, 0.85, 0.73, and 0.59 (P value for linear trend ϭ 0.05) (see Table 3 ). In neither stratified analyses by BMI Ͻ25 and BMI Ն25 kg/m 2 (Table 4) nor analyses excluding cases of type 2 diabetes that occurred in the first 4 years of follow-up (Table 3 ) did sugar intake exhibit any consistent trend in relation to the incidence of type 2 diabetes. There was only a weak positive relationship between glucose intake and the incidence of type 2 diabetes in the subgroup excluding cases of type 2 diabetes that occurred in the first 4 years of followup. The RRs were 1.0, 1.03, 1.03, 1.15, and 1.34 for increasing quintiles in a fully adjusted model, a trend that was not significant (P ϭ 0.09) (data not shown). Finally, the intake of starch, excluding total sugar, was not associated with increased risk type 2 diabetes, and the adjustment for glycemic index (GI) did not change the relation between sugar intake and risk of type 2 diabetes.
CONCLUSIONS -In our large cohort of 38,480 initially healthy postmenopausal women followed for an average of 6 years, we accrued 918 incident cases of type 2 diabetes and found no definitive influence of sugar intake on the risk of developing type 2 diabetes. In the subcohort excluding subjects with hypertension and elevated cholesterol level at baseline, sucrose intake was inversely associated with the risk of type 2 diabetes with marginal significance (P ϭ 0.05), whereas fructose, glucose, and lactose did not appear to be significantly associated with the risk of type 2 diabetes. It is possible that those who were diagnosed with hypertension and high cholesterol at baseline might have changed their dietary intakes from their long-term dietary pattern. Excluding those who might have changed their dietary intake because of hypertension and high cholesterol elicited a less-biased association. Although our results concur with the results from several randomized metabolic trials (8 -10,12,30) investigating the acute responses to sugar intake among diabetic patients, our prospective study further extends these findings to the risk of developing type 2 diabetes in a cohort of initially healthy women, offering scientific bases for primary prevention.
Since the introduction of the GI paradigm by Jenkins et al. in 1981 (31) , the rationale that the contribution of carbohydrates to postprandial glycemia depends on their glucogenic ability, not on the size of carbohydrate molecules, has been gaining acceptance in the context of pathogenesis of diabetes (32, 33) . The glucogenic ability, measured as GI, of carbohydrates has been implicated in the development of atherosclerotic processes considered "the common base" for type 2 diabetes and coronary heart disease (34 -36). Meyer et al. (37) observed no association between GI/load and type 2 diabetes, but they found significant inverse association between sugar intake and type 2 diabetes in their study. In contrast, we observed no quantifiable association with either GI or sugar intake and risk of type 2 diabetes. GI, in the present analyses, was positively associated with type 2 diabetes in a model adjusted for age, randomization, and smoking (RR 1.46, 95% CI 1.10 -1.79, P for trend Ͻ0.001). However, this relationship was attenuated in a multivariate-adjusted model (1.10, 0.87-1.38, P for trend ϭ 0.22). Our reports are consistent with the rationale that the contribution of sucrose and other sugars to blood glucose level depends on which carbohydrate they replace (38, 39) . Because sucrose by itself has a glycemic response similar to or less than that of starchy foods such as bread, rice, and potatoes, sugars that replaced starch of equal GI value would not raise the glucogenicity of the meal. However, if sugars substitute for low-GI food such as legumes, then the blood glucose level would be elevated (40) .
We also observed parallel findings between our results and the results by Meyer et al. (37) , whose RR of type 2 diabetes for the highest versus the lowest quintile of sucrose intake was 0.81, compared with our RR of 0.84. Moreover, sucrose intake from our subgroup analyses excluding the participants with hypertension and elevated cholesterol was inversely associated with type 2 diabetes, with marginal significance (P Ͻ 0.05) (data not shown), an observation consistent with the report by Meyer et al. (37) . Our RR for glucose intake suggests a nonsignificant positive association with the incidence of diabetes (P for trend Ͻ0.09) (data not shown), consistent with the notion that among sugars, glucose best predicted the insulin response (41) . According to our data, sugar intake does not appear to increase significantly the risk of developing type 2 diabetes. The homogeneity of our cohort may provide a more precise estimate of the association between sugar intake and risk of type 2 diabetes, although generalizability of our results is limited.
The finding that higher sugar consumption corresponds to higher total carbohydrate intake in our cohort is in (40) reported that the glycemic response of sugar followed a logar i t h m i c c u r v e d e p e n d e n t o n concomitant carbohydrate ingestion, and said curve leveled off at ϳ100 g of carbohydrate. Thus, the impact of sugar ingestion is greatly attenuated when individuals consume Ͼ100 g of carbohydrates. Our findings are consistent with this report by Wolever and Miller (40) because our recorded mean intake of carbohydrates was 194.1 g in the lowest quintile and 247.5 g in the highest, and the impact of sugars on plasma glucose levels may be insignificant in the context of such high carbohydrate intake.
Limitations
We have adjusted for all known covariates, but it is possible that some residual confounding covariates may remain. Additionally, the number of diabetes events In summary, the intake of sugars does not play a detrimental role in primary prevention of type 2 diabetes. However, the results from this study should not be interpreted as an endorsement for unlimited sugar intake. Rather, it should be emphasized that only moderate sugar intake should be incorporated within the boundaries of acceptable energy intake in a well-balanced diet. This moderate sugar allowance may promote better compliance with the diet regimen among diabetic patients (12) .
